Background. IL-22 is expressed at barrier surfaces, which suggests its critical role in the maintenance of normal barrier homeostasis and tissue repair. IL-22 can both promote pathological inflammation and prevent the destruction of tissues. The functional outcomes of IL-22 on vascular smooth muscle cells, which are shown to regulate immune processes within the vascular wall and which are involved in certain pathologies, have not been analyzed.
Introduction
Interleukin-22 (IL-22) is a class 2 α-helical cytokine of the IL-10 family, which consists of IL-10, IL-19, IL-22, IL-24 and IL-26. 1 It is produced by cells of hematopoietic origin: Both the innate lymphocytes, NK cells, and the adaptive arm of the immune system, such as Th cells termed Th22 cells. 2 IL-22, which is preferentially released under Th-17-polarised conditions, signals through a class 2 receptor (IL-22R) composed of the subunits IL-22R1 and IL-10R2. 3, 4 The functional IL-22R is thought to be restricted to the nonhematopoietic cells of the skin, intestine, liver, lung and kidney. 5 IL-22 expressed at barrier surfaces was shown to promote epithelial cell proliferation, survival and repair in the skin, airway and intestine. It induces the production of pro-inflammatory and remodeling cytokines, enhances proliferation and migration of colonic epithelial cells and promotes proliferative and anti-apoptotic pathways. 2, 6, 7 This suggests its critical role in the maintenance of normal barrier homeostasis and tissue repair. However, IL-22 is involved in the development of chronic inflammatory conditions, such as psoriasis, inflammatory bowel disease, rheumatoid arthritis or asthma. [8] [9] [10] Very recently, Th22 cells have been found in atherosclerotic plaques, which indicates the possible influence of IL-22 on vascular wall tissues, including vascular smooth muscle cells (VSMC). 11, 12 VSMC, which comprise the medial layer of the artery wall, are one of the tissue factors that regulate physiological processes, contributing to the establishment of local homeostasis. As they serve as a strong source of proinflammatory cytokines and chemokines released to the microenvironment in response to their activation, they may be involved in chronic inflammatory pathologies, i.e. atherosclerosis, where increased apoptosis of VSMC is observed as is the expression of adhesion molecules. [13] [14] [15] Although Th22 cells have been found in the vascular wall, the effect of IL-22 on VSMC has not yet been investigated. Therefore, the aim of the present study was to assess the effect of IL-22 on the inflammatory profile of human primary aortic smooth muscle cells (AoSMC). For this purpose, we investigated the influence of IL-22 on the mRNA expression of novel, anti-and pro-inflammatory cytokines: IL-35 subunits and IL-33, respectively, which both may modulate the local immune environment and whose role in VSMC has not yet been described. Additionally, we analyzed the effect of IL-22 on the mRNA expression of IFN-γ and VEGF -well known endothelial barrier disrupting agents, surface expression of adhesive molecule ICAM-1 and apoptosis of AoSMC. 16, 17 Material and methods
Cells
Human primary Aortic Smooth Muscle Cells (AoSMC) (Lonza, Clonetics, CC-2571, Basel, Switzerland) were expanded in Smooth Muscle Cell Basal Medium (Lonza, Clonetics, CC-3181, Basel, Switzerland), supplemented with SmGM-2 BulletKit (Lonza, Clonetics, CC-4149, Basel, Switzerland). After covering 80-90% of the base of a T-flask, the AoSMC were trypsinized with 0.05% trypsin with 0.02% EDTA (SAFC Biosciences, 59417C, Kansas, USA) for 4 min and neutralized using Trypsin 
Cell culture
AoSMC were seeded on 12-well plates at a density of 50,000 cells per well in proper media. After reaching 80-90% confluence, AoSMC were induced with IL-22 (1 ng/mL) (Biolegend, 571302, San Diego, USA) for 24 h in order to measure the expression of particular cytokine mRNAs by real-time PCR as well as analyze their apoptosis, necrosis and viability, and ICAM-1 (CD54) surface expression by flow cytometry. The optimal concentration of IL-22 used in this study was determined in a set of pilot experiments.
Real time PCR
mRNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany) kit, following the manufacturer's instructions. Potential genomic DNA contamination was removed with on-column DNase I digestion and 10 μg of mRNA was reverse transcribed with a High-Capacity cDNA Kit (Applied Biosystems, Foster City, USA). PCR was then carried out using an Applied Biosystems 9700HT Fast Real-Time PCR System (Applied Biosystems). The PCR mixture consisted of cDNA solution, SYBR-Green PCR Mastermix (Applied Biosystems) and both sense and antisense primers. The reaction was conducted as follows: 4 min at 95°C, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C. EF1-α was amplified as a house-keeping gene. p35, EBI3, IL-33, IFN-γ and VEGF mRNA expression was normalized to EF1-α using ΔΔCt calculation. Primers used for (1) p35 forward: TTC ACC ACT CCC AAA ACC TGC, reverse: GAG GCC AGG CAA CTC CCA TTA G; (2) EBI3 forward: CAG CTT CGT GCC TTT CAT AA, reverse: CTC CAA CTG CAC CTG TAG C; (3) IL-33 forward: TGA GTC TCA ACA CCC CTC AAA TG, reverse: GGC ATG CAA CCA GAA GTC TTT T; (4) IFN-γ forward: TCT CGG AAA CGA TGA AAT ATA CAA GTT AT reverse: GTA ACA GCC AAG AGA ACC CAA AA; (5) VEGF were forward: GAT TGA GAC CCT GGT GGA CAT C, reverse: CAC ACA GGA GGG CTT GAA GA. Those used for EF-1α were forward: CTG AAC CAT CCA GGC CAA AT, reverse: GCC GTG TGG CAA TCC AAT.
Apoptosis and ICAM-1 surface expression in AoSMC assessment in flow cytometry
AoSMC were trypsinized after 24 h of induction with IL-22 (1 ng/mL). Apoptosis was assessed in a BeckmanCoulter FC500 flow cytometer using Annexin V-FITC and propidium iodide (PI) co-staining (FITC-Annexin V Apoptosis Detection Kit, BD Pharmingen, 556547, San Diego, USA). Annexin-V(-) and PI(-) cells were considered as living cells, Annexin-V(+) and PI(-) as early-apoptotic cells, Annexin-V(+) and PI(+) as late-apoptotic cells, and Annexin-V(-) and PI(+) as necrotic cells.
In order to assess ICAM-1 surface expression on AoSMC, PE anti-human CD54 antibodies (BioLegend, 322708) were used. For analysis, the percentage changes of Mean Fluorescence Intensity (MFI) of were used.
Statistical analysis
The results are presented as mean ± SEM for variables with a normal distribution of values. The distribution of particular variables was verified by the Shapiro-Wilk W test, whereas the Levene test was performed to test homogeneity of variances. In the case of normal distribution and homogenous variance, the significance of differences between 2 groups was estimated using the Student t test for independent trials. However, if any of these criteria were not fulfilled, a Mann-Whitney U test was used for analysis of the differences between the 2 groups. A p-value < 0.05 was considered to be statistically significant. All analyses were conducted with STATISTICA v. 12.5 software (StatSoft, Inc., Tulsa, USA).
Results

The effect of IL-22 on anti-and pro-inflammatory cytokines: IL-35 subunits p35 and EBI3, IL-33 mRNA expression in AoSMC
The effect of IL-22 on the mRNA expression of antiand pro-inflammatory cytokines in AoSMC was first investigated. EBI3 and p35 IL-35 subunits, IL-33 and IFN-γ mRNA expression in AoSMC was assessed in real-time PCR after 24 h of culture (Fig. 1A) . In AoSMC induced with IL-22, an almost 2.5-fold increase of IL-35 p35 subunit mRNA expression was observed as compared to the unstimulated control (p < 0.01). Similarly, IL-35 EBI3 subunit mRNA expression was more than 3 times higher than that of unstimulated AoSMC upon IL-22 induction (p < 0.05). On the other hand, IL-33 mRNA expression was seen to halve upon stimulation of AoSMC with IL-22 as compared to the control (p < 0.01).
The effect of IL-22 on barrier disrupting cytokines: IFN-γ and VEGF mRNA expression in AoSMC
Next, we assessed the effect of IL-22 on the mRNA expression of cytokines involved in the regulation of barrier functions of tissues such as endothelium (Fig. 1B) . For this purpose, IFN-γ and VEGF mRNA expression was analyzed after 24 h of culture of AoSMC with IL-22 (1 ng/mL). IL-22 did not change IFN-γ mRNA expression in AoSMC, as compared to the unstimulated cells 
The effect of IL-22 on AoSMC ICAM-1 (intercellular adhesion molecule-1) expression
For further analysis of the effect of IL-22 on the inflammatory profile of AoSMC, the surface expression of ICAM-1 on AoSMC was assessed in a flow cytometer after 24 h of culture, based on the percentage changes of Mean Fluorescence Intensity (MFI). Upon induction of AoSMC by IL-22 (1 ng/mL), a significant decrease of surface ICAM-1 expression was observed (mean: down to 69.2 ± 7.2%; p < 0.05) as compared to unstimulated cells ( Fig. 2A, B) .
The effect IL-22 on AoSMC apoptosis and viability
In the next step, the effect of IL-22 on AoSMC survival was analyzed. The apoptosis and viability of AoSMC were assessed after 24 h of culture by flow cytometry (Fig. 3) . IL-22 did not affect AoSMC apoptosis or necrosis, as the percentages of (Ax+Pi-plus Ax+Pi+) or Ax-Pi+ cells, upon induction with IL-22, were found to be comparable to those of unstimulated AoSMC (mean [Ax+Pi-plus Ax+Pi+] cells: 30.0 ± 16.2% versus 26.5 ± 12.9%, respectively, p > 0.05) (Fig. 3A) ; (mean Ax-Pi+ cells: 2.5 ± 1.1% versus 2.9 ± 1.4%, respectively, p > 0.05) (Fig. 3B) . Similarly, IL-22 was not observed to have any effect on AoSMC viability: IL-22 did not change the percentages of Ax-Picells, with mean values of 67.3 ± 14.9% respectively versus 70.6.8 ± 12.4% in controls (p > 0.05) (Fig. 3C ).
Discussion
The study analyzes the influence of IL-22 on the inflammatory profile of VSMC. It can be seen that IL-22, which may be released by Th22 cells or NK cells penetrating the vascular wall, may affect the mRNA expression of certain cytokines and surface expression of adhesion molecules on VSMC.
As the biological effect of IL-22 on VSMC is unexplored, it was decided to investigate the influence of IL-22 on the mRNA expression of novel anti-and proinflammatory cytokines in human AoSMC. Firstly, it was observed that IL-22 induced mRNA expression of EBI3 (Epstein-Barr virus-induced gene-3) and p35 -subunits of anti-inflammatory IL-35, a novel IL-12 family cytokine, relevant for coronary artery disease. 18, 19 IL-35, whose EBI3 subunit is expressed in aortic smooth muscle cells, was shown to inhibit both Th1-and Th2-mediated chronic inflammatory conditions. 20, 21 On the other hand, we have shown that IL-22 decreased mRNA expression of IL-33, a pro-inflammatory tissue-derived danger signal relevant in certain chronic inflammatory diseases, by roughly 40% in AoSMC. [22] [23] [24] This suggests that IL-22 may diminish VSMC-derived IL-33-driven inflammatory processes in the vascular wall, such as survival and cytokine production by immune cells and the generation of Th-2 type immune responses. [25] [26] Thus, through the effect on IL-35 and IL-33 expression in AoSMC, IL-22 might affect VSMC to reduce local inflammatory processes within the vascular wall.
The endothelial barrier plays a key role in inflammatory processes. Both IFN-γ and VEGF are well know agents decreasing endothelial barrier functions. 17 As VSMC are located in the endothelial layer neighborhood, they might affect its barrier functions via cytokine release to the microenvironment. The question that we raised concerned whether IL-22 may influence the mRNA expression of cytokines, decreasing barrier functions. However, according to our results IL-22 affected neither IFN-γ nor VEGF mRNA expression, in AoSMC. Leukocyte-tissue interactions require the expression of ICAM-1, which may serve as an adhesion molecule for leukocytes and facilitate cell infiltration. 27 We observed that AoSMC weakly express ICAM-1. Nevertheless, ICAM-1 expression on AoSMC decreased by approximately 30% upon stimulation with IL-22, which suggests that IL-22 might slightly decrease the accessibility of arterial wall tissues for immune cells in contrast to other typical inflammatory cytokines, such as TNF-α, IFN-γ and IL-1β, and affect VSMC migration. 15, 28, 29 Recent results describe the effect of IL-22 on apoptosis of the cells of certain tissues. Although IL-22 was seen, firstly, to prevent apoptosis of hepatic stellate cells, secondly, to induce the expression of antiapoptotic B-cell lymphoma cells and, finally, to demonstrate an ability to promote the survival of airway SMC, the effect of IL-22 on apoptosis of AoSMC has not been investigated. 10, 30 However, IL-22 was not observed to have any effect on apoptosis, necrosis or survival of resting AoSMC in normal conditions in our study. This data indicates that IL-22 does not affect apoptosis of VSMC.
To sum up, the results of our study showing certain effects of IL-22 on IL-35 subunits, IL-33 and ICAM-1 expression in AoSMC, support the assumption that IL-22, which may be released by Th22 and NK cells, may be an agent affecting vascular smooth muscle cell-orchestrated inflammatory processes, and thus may regulate the immune homeostasis of the vascular wall. 
